Caspases are important mediators of apoptotic cell death. Several cellular protein substrates of caspases contain potential phosphorylation site(s) at the cleavage-site region, and some of these sites have been verified to be phosphorylated. Since phosphorylation may affect substantially the substrate susceptibility towards proteolysis, phosphorylated, non-phosphorylated and substituted oligopeptides representing such cleavage sites were studied as substrates of apoptotic caspases 3, 7 and 8. Peptides containing phosphorylated serine residues at P4 and P1 positions were found to be substantially less susceptible towards proteolysis as compared with the serine-containing analogues, while phosphoserine at P3 did not have a substantial effect. P1 serine as well as P1-phosphorylated, serine-containing analogues of an oligopeptide representing the poly(ADP-ribose) polymerase cleavage site of caspase-3 were not hydrolysed by any of these enzymes, whereas the P1 aspartate-containing peptides were efficiently hydrolysed. These findings were interpreted with the aid of molecular modelling. Our results suggest that cleavage-site phosphorylation in certain positions could be disadvantageous or detrimental with respect to cleavability by caspases. Cleavage-site phosphorylation may therefore provide a regulatory mechanism to protect substrates from caspase-mediated degradation.
INTRODUCTION
Proteolysis (an irreversible process) and protein phosphorylation (a reversible covalent modification) are involved in fundamental regulatory mechanisms, including apoptosis, cell-cycle regulation and signal transduction. These post-translational modifications are usually studied separately; only a few studies to date have demonstrated that these two crucial processes may act in a concerted way. Although phosphorylation (or dephosphorylation) at a site outside of a region at which a protease binds directly could alter the protein conformation and might change the accessibility of a cleavage site for a protease, direct phosphorylation at a protease-recognition site might also alter substantially the susceptibility of the site towards proteolysis. Such an effect might provide a direct regulatory tool for proteolytic processing. Substrates containing phosphorylated serine residues adjacent to proline have been shown to decrease the susceptibility to cleavage by proline-specific peptidases [1] . Phosphorylation of vitronectin by protein kinase C at a P1 serine residue (nomenclature of substrate residues and substrate-binding subsites conforms to that described in [2] ) also attenuated cleavage by plasmin, and this was proposed to have a physiological regulatory effect [3] . We have previously demonstrated that cleavage of peptides representing retroviral proteinase substrates, and vimentin processing by HIV-1 and avian retroviral proteinases, were also affected by cleavage-site phosphorylation [4] . That study also proved that phosphorylated oligopeptides might serve as excellent tools with which to study the effect of phosphorylation on proteolysis [4] .
Apoptosis (or programmed cell death) is also mediated by proteolysis. Caspases are important for the progression of apoptotic cell death [5, 6] . These enzymes are activated by specific proteolysis, which occurs either auto-catalytically or by other members of the caspase superfamily [7] . An activated caspase is then able to cleave a number of proteins [8] . Substrate-specificity studies of various caspases have implicated the residue at P1
Abbreviations used: AD, Alzheimer's disease; Gas-2, growth arrest-specific protein 2; PARP, poly(ADP-ribose) polymerase; PS-1/2, presenilin-1 and -2 respectively; CTF, C-terminal fragment; TFA, trifluoroacetic acid. 1 To whom correspondence should be addressed (e-mail tozser@indi.biochem.dote.hu).
as being a major determinant of specificity, as well as the critical residue at P4 [9] . On the basis of these specificity studies, caspases can be classified into three specificity groups [8] . Group I caspases (caspases 1, 4, 5 and 13) are tolerant at S4, but prefer bulky hydrophobic amino acid residues. Group II caspases (caspases 2, 3 and 7) are substantially more stringent at S4, requiring an aspartate at P4. Group III caspases (caspases 6, 8, 9 and 10), on the other hand, prefer branched-chain aliphatic amino acids at P4 [8] .
Several caspase-cleavage sites contain potential or verified serine/threonine phosphorylation sites, as listed in Table 1 . In the present study, we have examined how phosphorylation of peptides representing known caspase-cleavage sites alters their cleavability by apoptotic effector caspases 3 and 7, and the initiator caspase-8. We have investigated how P3 serine and P1 serine phosphorylation of a peptide representing a caspasecleavage site in presenilin-2 (PS-2) could alter its processing, and how P4 serine phosphorylation influences the cleavability of a peptide representing another caspase substrate, Gas-2 (growth arrest-specific protein-2). Finally, we have tested whether substitution of the P1 aspartate with phosphoserine, which is also negatively charged, might turn a non-hydrolysable peptide into a caspase substrate. Our results suggest that, except at position P3, a phosphoserine residue is either poorly or not at all tolerated at these positions for caspase substrates. Therefore phosphorylation at these sites could directly attenuate or block cleavage by caspases. Molecular models for these substrates were constructed and used to interpret the results of kinetic studies.
EXPERIMENTAL Caspases 3, 7 and 8
Human recombinant purified caspases 3, 7 and 8 were obtained from Biomol Research Laboratories (Plymouth Meeting, Table 1 Substrate sequences of caspases containing determined or potential serine/threonine phosphorylation sites Arrows indicate the sites of cleavages. Serine or threonine residues that have been proved to be phosphorylation sites (S P and T P respectively) are shown in bold. The question mark (?) for Gas-2 indicates that the phosphorylation kinase is at present unknown. Erk1/2, extracellular-signalregulated kinases 1 and 2 respectively; IκB-α, inhibitory κB-α; MEKK1, mitogen-activated protein kinase/Erk kinase 1; MST1, mammalian STE20-like kinase 1; PKA, protein kinase A; PKC, protein kinase C; SREBP, sterol-regulatory-element-binding protein.
Protein
Sequence Phosphorylation kinase
* Cleavage occurs after Asp 345 by an unidentified caspase [17] . The site contains a PKA and PKC consensus sequence, and PS-1 can be phosphorylated by these kinases [38] , although the actual phosphorylation sites have not been determined yet.
† Cleavage occurs at Asp 326 and Asp 329 (the major site) by caspase-3 [16] . Ser 327 and Ser
330
were shown to be phosphorylated by casein kinases [18, 39] . ‡ Cleavage occurs at Asp 279 [29] . § Cleavage occurs at Asp 40 and Asp 468 by caspase-3 in SREBP-1 and SREBP-2 respectively [31] . The cleavage sites are in mitogen-activated protein kinase consensus phosphorylation sites, and these proteins are substrates of Erks 1 and 2 [40] .
Cleavage occurs after Asp 31 by caspase-3 [20] , whereas Ser 32 was shown to be phosphorylated by MEKK1 [21] .
¶ Cleavage occurs at Asp 326 , and could be mediated by several caspases, and autophosphorylation at Ser 327 attenuated caspase-mediated processing [23] . ** Cleavage occurs at Asp 149 by caspase-3 [41] , whereas Ser 146 was shown to be phosphorylated by Scott et al. [42] .
† † Phosphorylation of Bid with CK1 and CK2 inhibits its cleavage by caspase-8 [37] .
PA, U.S.A.). Alternatively, the enzymes were expressed in Escherichia coli and then isolated in the fully active form, as described previously [10] . Active site titrations for these enzyme preparations were performed using acetyl-Asp-Glu-ValAsp-CHO (Calbiochem), a potent inhibitor of these caspases, as described previously [10] .
Oligopeptides
Oligopeptides were synthesized by the solid-phase method, using the fluoren-9-ylmethoxycarbonyl ('Fmoc') group for α-amino group protection and acid-labile groups for side chain protection of trifunctional amino acids on a model 430A automated peptide synthesizer (Applied Biosystems, Inc.). Phosphorylated peptides were synthesized as described previously [4] . The crude phosphopeptides were purified by reversed-phase HPLC on a Vydac C 18 column (25 cm × 2.5 cm) using a water/acetonitrile gradient. All compounds yielded the correct molecular peak upon ion-spray mass spectrometry. Amino acid composition of the peptides and their proteolytically produced fragments was determined with a Beckman 6300 amino acid analyser. Stock solutions and dilutions were made in distilled water, and the peptide concentrations were determined by amino acid analysis.
Enzyme assay
The proteinase assays were performed in 20 µl (final vol.) of 50 mM Hepes, pH 7.4, containing 100 mM NaCl, 0.1 % CHAPS, 1 mM EDTA, 10 mM dithiothreitol and 10 % (v/v) glycerol for final substrate concentrations of 0.01-6.0 mM. The substrate concentration range was selected depending on the approximate K m values. For some peptides, the k cat /K m values were determined from the linear part of the 'rate-versus-concentration' profile. The reaction mixture was incubated at 37
• C for 1 h, the reaction was stopped by the addition of 180 µl of 1 % (w/v) trifluoroacetic acid (TFA), and an aliquot was then injected on to a Nova-Pak C 18 reversed-phase chromatography column (3.9 mm ×150 mm; Waters Associates, Inc., Milford, MA, U.S.A.) using an automatic injector. Substrates and cleavage products were separated using an increasing water/acetonitrile gradient (0-100 %) in the presence of 0.05 % TFA. The cleavage products of proteinase-catalysed hydrolysis were then identified by amino acid analysis. 
Molecular modelling
Caspase-3 with a model of the PS-2 substrate (peptide DSYDS) was built from a human caspase-3-inhibitor crystal structure ( [11] ; PDB accession code 1CP3) by exchanging residues of the inhibitor with residues of the substrate using the Sybyl 6.7 software package (Tripos Inc., St Louis, MO, U.S.A.). Each of the side chain torsion angles for substituted residues in the peptide substrate was then rotated through 360
• in steps of 15
• to search for alternate conformations, using a Kollman all-atom force-field and an 8Å cut-off (1Å = 0.1 nm). Next, 20 Powell iterations were applied for the whole enzyme-substrate complex after finding the lowest energy conformers of the modified residues. The root-mean-square (RMS) deviation between the Cα atoms of the final enzyme model and the Cα atoms of the initial crystal structure was found to be 0.13Å. The structures were built, minimized and examined on Silicon Graphics Indigo2 or O2 computer graphics systems. For a structural comparison, a caspase-7-inhibitor structure ( [12] ; PDB accession code 1F1J) and a caspase-8-inhibitor structure ( [13] ; PDB accession code 1F9E) were used. Stereo figures of the enzyme-substrate complex were generated using MolScript version 2.1 [14] .
RESULTS AND DISCUSSION

Cleavage of oligopeptides representing a PS-2 cleavage site by caspases 3, 7 and 8
Mutations within the two homologous PS genes (for PS-1 and PS-2) are frequent causes of early-onset familiar Alzheimer's disease (AD), leading to an increase in the production of an abnormal amyloid β-peptide, which has a central role in AD pathology [15] . PS proteins are membrane proteins, which are endoproteolytically processed within a large cytoplasmic loop, generating the biologically and pathologically active C-terminal fragment (CTF) and an N-terminal fragment. PS proteins are involved in apoptotic cell death, and are substrates of proteases of the caspase-3 family [16] For the substrate sequences, phosphorylated serine residues (S P ) and mutated residues are shown in bold. In cases where a linear function was identified for the concentration versus the rate, we were not able to determine the individual K m and k cat values. These cases are shown by 'N.D.' in the Table. No./protein Substrate sequence
Not hydrolysed * In the studied concentration range (0-5.0 mM), the [S] versus v curve was linear, and was used to determine the k cat /K m value. The K m for this substrate is expected to be higher than 2.0 mM. † In the 0-0.2 mM concentration range, the [S] versus v curve was linear, and was used to determine the k cat /K m value. At higher substrate concentrations an inhibitory effect was observed. ‡ Small degree of hydrolysis was observed during a 16 h incubation with the enzyme (50 nM) at a substrate concentration of 0.2 mM. § In the studied concentration range (0-2.0 mM), the [S] versus v curve was linear, and was used to determine the k cat /K m value. The K m for this substrate is expected to be higher than 2.0 mM. Not hydrolysed when substrate (0.2 mM) was incubated with 50 nM enzyme for 16 h. Based on the detection limit of the assay, it is estimated that the k cat value is < 0.01 s −1 . at the caspase-cleavage sites are targets of phosphorylation: phosphorylation both inhibited caspase-mediated cleavage and enhanced the anti-apoptotic properties of the protein in cell culture. Interestingly, the cleavage site in PS-1 also contains serine at P1 , in a potential phosphorylation consensus sequence (Table 1) . Since phosphorylation of PS-2 was mimicked by a serine-to-aspartate mutation [18] , no direct correlation between individual-site phosphorylation and cleavability was provided. Furthermore, the effect of phosphorylation at those residues might be a conformational change, instead of a direct specificity change.
To provide direct evidence for the effect of phosphorylation at the PS-2 sites on susceptibility towards proteolysis by caspase-3, oligopeptides with or without phosphorylated serine residues, which represented these cleavage sites in PS-2, were assayed as substrates of caspase-3 ( Table 2 ). The non-phosphorylated peptide was hydrolysed correctly by the enzyme, as determined by amino acid analysis of peptide products collected by reversed-phase HPLC separation (shown in Figure 1, upper panel) . However, this substrate was not cleaved at the other aspartate residue, which is the minor site determined in the protein. The two residues preceding the aspartate in the N-terminal part of the peptide may not provide a sufficient length for cleavage [9] ; furthermore, the inherent cleavage rate is also substantially lower at this site of the protein [16] . The kinetic parameters were therefore also determined for this peptide (Table 2 ). It should be noted that the predicted K m value for this substrate was substantially higher than the K m for the peptide representing the poly(ADP-ribose) polymerase (PARP) cleavage site (peptide 7 in Table 2 ), one of the most studied sites of caspase-3. We also tested the P3 serine-and P1 serine-phosphorylated analogues of this peptide, but although the P3 serine-phosphorylated peptide was cleaved with a very similar specificity constant, the P1 serine-phosphorylated peptide was not cleaved by the proteinase (Table 2) . Interestingly, whereas the cleavage rate of the non-phosphorylated substrate exhibited a linear function with the substrate concentration up to 5 mM (Figure 1, lower panel) , an increase in the concentration of the P3-phosphorylated peptide above 0.2 mM resulted in a decrease in the cleavage rate (results not shown). This may be due to an alternative, non-productive binding of the phosphorylated peptide.
The oligopeptides representing the phosphorylated and nonphosphorylated PS-2 cleavage sites were also tested as substrates of caspases 7 and 8. Similar to the results obtained with caspase-3, caspase-7 hydrolysed both the non-phosphorylated and the P3-phosphorylated substrates with the same specificity constant, and did not hydrolyse the P1 serine-phosphorylated one (Table 3) . Caspase-8 did not cleave any of these peptides (results not shown). Since caspase-8 prefers branched-chain aliphatic amino acids, especially a leucine residue at P4 instead of an aspartate [19] , we also tested P4 leucine-substituted analogues of these peptides to examine the sensitivity of caspase-8 for cleavagesite phosphorylation at positions P3 and P1 . Although the specificity constants for the hydrolysed peptides were very low, the results are in good agreement with those for the two other caspases: the enzyme was sensitive to P1 phosphorylation, but not to P3 phosphorylation (Table 3) .
The inability of caspases 3, 7 and 8 to cleave the P1 -phosphorylated substrates is in line with the findings of a previous specificity study [19] , which showed that negatively charged residues, such as glutamate or aspartate, at P1 are very unfavourable for caspase-mediated proteolysis. It has been reported that phosphorylation of inhibitory κB-α ('IκB-α') inhibited its cleavage by a caspase in vitro [20] , and the P1 serine of the caspase-cleavage site (see Table 1 ) was reported to be a phosphorylation site for mitogen-activated protein kinase/extracellular-signal-regulated kinase 1 ('MEKK1') [21] , also suggesting that P1 serine phosphorylation might regulate caspase-mediated proteolysis. Recent studies have suggested that cleavage of the transcription factor Max by caspase-5 during apoptosis is also regulated by P1 serine phosphorylation [22] , and one of the caspase-mediated cleavage events required for the nuclear localization of the kinase domain of mammalian STE20-like kinase 1 ('MST1') is also blocked by P1 serine phosphorylation [23, 24] . The lack of an effect of P3 serine phosphorylation is in line with the results of previous studies, which suggested that various side chains are accepted at P3, with the negatively charged residue glutamate (which is almost isosteric with phosphoserine) at this position being one of the best for caspases 3 and 7 [9] . Although we did not test the effect of phosphorylation of Ser 327 at the minor cleavage site, since it is in position P1 for that cleavage process, it would be expected to completely prevent cleavage at that site.
It should be noted that the specificity constant for the unmodified PS-2 substrate was much higher for caspase-3 than for caspase-7, which may be, at least partly, due to its much better tolerance of tyrosine at P2 [9] . Furthermore, caspase-3 is a much more efficient enzyme with respect to small synthetic substrates than is caspase-7 [19] , which may also contribute substantially to the observed effects. These results are in line with the observation that caspase-3 might be the enzyme cleaving PS-2 in vivo [16] .
The molecular model of the PS-2 substrate (peptide 1 in Table 2 ) binding to the caspase-3 was built on the basis of an enzyme-inhibitor crystal structure (Figure 2 ). Side chains of the P4 aspartate and P1 aspartate residues anchor the substrate to the enzyme via several hydrogen-bonds, in addition to the conserved hydrogen-bond network formed between the main chain atoms of the substrate and the enzyme. Side chains of P3 and P2 residues point approximately outward, explaining the rather tolerant nature of the respective subsites, although a preference for a glutamate residue at P3 and a valine/leucine/ proline/threonine residue at P2 has been demonstrated for Table 2 is shown after cleavage by caspase-3. P1, product peak EDSYD; P2, product peak SFGEP; S, substrate peak EDSYDSFGEP. Lower panel: shown is a plot of the velocity measured against the substrate concentration.
caspases [8, 19] . To date, there is no P1 amino acid residue in any of the crystal structures deposited into the Protein Data Bank, and so therefore the position of P1 serine of the PS-2 substrate was predicted on the basis of a conformational search. The P1 residue may adopt a β-sheet-like conformation, as seen for the P1 residue of various other proteinases, including serine proteinases [25] and aspartic proteinases [26] ; however, the flexibility of the backbone at this position may be crucial for efficient catalysis. A preference for serine and glycine residues at P1 has been demonstrated for caspases [8, 19] . Less efficient The P4-P1 residues of the peptide 1 ( Table 2) are modelled into the substrate-binding region of the enzyme shown in blue. The substrate is coloured green, whereas hydrogen-bonds between the enzyme and substrate are indicated by broken red lines.
hydrolysis of substrates with large P1 side chains [19] could be the result of steric hindrance between the P1 side chain and the side chains of Thr 166 and Tyr 204 of caspase-3 and the usually hydrophobic P2 side chains. Negatively charged amino acids were also found to be very unfavourable at this position due the electrostatic repulsion of Glu 123 in caspase-3 [19] . Caspase-7 also contains a glutamate residue in the equivalent position, whereas caspase-8 contains an aspartate. Phosphorylation of the P1 serine residue leads to an increase in size and an addition of negative charge, and the accumulation of these unfavourable changes could lead to an uncleavable peptide. Alternatively, introduction of negative charge at P1 may also have an unfavourable effect on the catalytic machinery of the enzyme, although the side chain of P1 is pointing away from the residues of the catalytic triad, and is not expected to directly interact with them.
Effect of P4 serine phosphorylation of a caspase substrate on its susceptibility toward cleavage
An important part of the G 0 → G 1 transition of the cell cycle is the down-regulation of the expression of a set of gas (growtharrest-specific) genes [27] . Gas-2 is a protein of the microfilament system, and is also involved in the regulation of apoptosis [28] . Gas-2 was found to be a substrate of caspase-3 [29] ; furthermore, its function is regulated by phosphorylation at serine residues [30] . Although the consensus sequence for caspase-3 cleavage sites is Asp-Xaa-Xaa-Asp↓ (where the arrow denotes the site of cleavage, and 'Xaa' denotes 'any amino acid'), the cleavage site in Gas-2 contains a P4 serine residue, instead of an aspartate, in a potential phosphorylation site. A serine residue in position P4 is also present in the caspase-3 substrate, sterol-regulatoryelement-binding protein ('SREBP-1') [31] , and in p21-activated kinase 2 ('PAK-2') [32] . We have tested by using oligopeptides the effect of P4 serine phosphorylation on this substrate. Whereas the non-phosphorylated peptide was an acceptable substrate of caspase-3, with a high K m value, phosphorylation of the P4 serine residue decreased the specificity constant approx. 40-fold, suggesting that, unlike aspartate, phosphoserine (which is also negatively charged) is very unfavourable in this position (even more unfavourable than the non-charged serine residue; Table 2 ). When the P4 residue was substituted with aspartate, much more favourable kinetics were obtained. The values of the catalytic constant (k cat ) and the specificity constant (k cat /K m ) for this peptide (peptide no. 6 in Table 2 ) were substantially better than those obtained with the PARP cleavage-site peptide.
On the basis of the enzyme-inhibitor structures, the P4 aspartate forms strong hydrogen-bond interactions with both the side chain of Trp 214 and the amide nitrogen of Phe 250 , and a weaker interaction is also possible with the side chain of Asn 208 ( Figure 2 and [11] ). These interactions appear to anchor the substrate, and cannot be formed with smaller (serine) or bigger (phosphoserine) residues. In a detailed specificity study of caspase-3, preference for aspartate at P4 was found to be almost absolute: even peptides containing charge-conserving (glutamate) and isosteric (asparagine) substitutions resulted in poor substrates [9] . Our results suggest that a phosphoserine residue is also very unfavourable for caspase-3 at this position. As an alternative of the direct effect of the S4-P4 interaction, the unfavourable nature of the negatively charged residues at P4 might result from altered internal substrate side chain interactions. Such substrate side chain co-operativity resulting in a substrate sequence context-dependent specificity has been observed for various proteases, including papain [33] and HIV protease [34] .
The oligopeptide representing the non-phosphorylated Gas-2 substrate was also cleaved by caspase-7, whereas the P4 phosphorylated analogue was hydrolysed with a substantially lower rate, indicating that caspase-7 is also sensitive to P4 substrate phosphorylation, like caspase-3. None of these peptides were cleaved by caspase-8 ( Table 3) . Since all caspases cleave substrates at the negatively charged aspartate residue, we tested whether substitution of P1 aspartate in a consensus caspase-3 cleavage site sequence representing the cleavage site in PARP could provide a substrate for the enzyme. The unmodified substrate was hydrolysed efficiently by caspase-3 (Table 2 ) and caspase-7 (Table 3) , whereas, in contrast, it was a poor substrate for caspase-8, although a substitution by leucine at P4 in this sequence appreciably improved the specificity constant ( Table 3 ). The peptides with the P1 phosphoserine residue were not hydrolysed by the caspases, an observation similar to that of peptides with P1 serine (Table 2 and Table 3 ). The P1 aspartate residue of the substrate is anchored by interactions with the side chain guanidino groups of Arg 64 and Arg 207 , as well as with the side chain of Gln 161 in caspase-3 ( Figure 2 and [11] ). These residues are conserved in other caspases, including caspases 7 and 8 [12, 13] . Owing to this complex hydrogen-bond/salt-bridge network, neither smaller nor larger charged residues than aspartate can form similarly strong interactions.
Conclusions
Caspases are important mediators of cell death and inflammation [8] . Several of the caspase cleavage-site substrates contain potential or verified phosphorylation sites (Table 1) . Since phosphorylation at these sites may prevent or promote proteolysis, this may provide an additional regulatory tool. In several studies, introduction of aspartate residues is used to mimic phosphorylated serine residues for the functional analysis of phosphoproteins [18, 35, 36] . In terms of caspase specificity, our studies demonstrate that aspartate and phosphoserine residues are non-equivalent: whereas aspartate is exclusively required at the P1 position of the substrates for caspases 3, 7 and 8, and is also important at the P4 position of the substrates for caspases 3 and 7, phosphoserine at the same positions diminished or completely prevented the susceptibility towards cleavage. Therefore phosphorylation at these sites could provide a regulatory mechanism to protect substrates from caspase-mediated degradation. Phosphorylation at other sites, such as P2 and P3 , may also protect from caspase-mediated cleavage, as found for the cleavage of Bid by caspase-8 [37] , and therefore direct cleavage-site phosphorylation at proper positions may provide a general regulatory system to control caspasemediated proteolysis.
